Translation of hepatitis C virus (HCV) RNA is initiated by internal entry of ribosomes into the 5 noncoding region (NCR)
Extensive sequence analyses showed that the 5Ј noncoding region (NCR) of the hepatitis C virus (HCV) genome is highly conserved among different HCV isolates (3, 4, 16) . This region consists of 330 or 341 nucleotides (nt) and has several short open reading frames (6, 12) . A complex secondary structure has been proposed for the HCV 5Ј NCR (2). These features, coupled with experimental evidence derived from expression studies of dicistronic mRNA in vitro and in vivo, indicate that translation of HCV RNA is initiated by binding of the ribosome to an internal ribosome entry site (IRES) (5, 26, 27) .
The translation strategy used by HCV is similar to that employed by members of the family Picornaviridae. In picornaviruses, the IRES has a common sequence motif consisting of a pyrimidine-rich tract followed by an AUG triplet located about 20 nt downstream (10, 18, 19) . This motif is designated Yn-Xm-AUG (Yn, pyrimidine-rich tract; Xm, any nucleotides). Several lines of evidence indicate that internal initiation is facilitated by the interaction of IRES RNA with cellular proteins such as p52 (La protein) and p57 (polypyrimidine tract-binding protein [PTB]) (7, 14, 22, 25) . Picornaviruses infect host cells and use cellular factors for internal initiation of viral RNA synthesis, which takes place in the cytoplasm. Classical initiation factors, such as eIF-4 and eIF-2, involved in cap-dependent translation initiation also bind to the picornavirus IRES (9, 15, 24) .
The HCV IRES has a Yn-Xm-AUG motif similar to that of picornaviruses. Mutational analysis of pyrimidine tracts, however, revealed that the helical structure associated with the pyrimidine-rich tract is more important for the function of the HCV IRES than the primary sequence of the tract (28) . Thus, precise definition of the functional RNA motif of the HCV IRES is more problematic than precise definition of the corresponding motif of the picornavirus IRES. Moreover, whether cellular factors interact with the HCV IRES and what possible implications such interactions would have for initiation of translation remain unclear.
We previously reported that the translation efficiency promoted by an HCV 5Ј NCR that lacked the 46 nt preceding the alpha-branch of stem-loop domain II (Fig. 1A) was comparable to that promoted by the wild-type 5Ј NCR, whereas further truncation involving a beta-branch significantly reduced translation efficiency (5) . These data suggested that an alpha-branch structure in proximity to the 5Ј functional region of the HCV IRES may contain a cis-acting element for translation initiation.
Characterization of the alpha-branch. In order to gain further insight into the function of the alpha-branch, we constructed a series of alpha-branch mutants derived from pSL5END, which had the full-length HCV 5Ј NCR (nt 1 to 341) and the HCV core-envelope region (nt 342 to 968) as a reporter gene (5), by using PCR-mediated mutagenesis with the primers presented in Fig. 1B . The sequences of the PCR primers used for cDNA construction are presented in Table 1 . Plasmid pSL5END contained a wild-type sequence of the alpha-branch; this plasmid resulted when cloned 5END cDNA (5) was subcloned, by PCR with primers KHT7-1 and K74-3 (5), into a pSL1180 vector (Pharmacia) under the control of T7 promoter and with a HindIII restriction site at its 5Ј terminus. Plasmid pSL5END-S contained an exchange sequence within the alpha-branch stem region. Plasmid pSL5END-L contained an inverted loop sequence of the alpha-branch. Plasmid pSL5END-SL contained an inverted alpha-branch sequence. The K60 primers that contained alpha-branch mutations were used to amplify mutant HCV 5Ј NCRs, followed by additional amplification of the HCV 5Ј NCR with K50 primers in combination with antisense K74-3 primer. The HindIII-TfiI fragment of wild-type pSL5END containing the terminal region of the wild-type 5Ј NCR and the T7 promoter sequence was ligated to these mutants to construct mutants with a full-length 5Ј NCR. These mutants were constructed so that the secondary structure of the alpha-branch could be maintained (Fig. 1C) . RNAs transcribed in vitro with T7 RNA polymerase from EcoRI-digested plasmid DNAs were translated in RRL and S10 cytoplasmic extracts prepared from suspension-cultured HeLa S3 cells (23) . Translation reactions were performed with the optimum KCl concentration (72 mM) for HCV IRES function (5) . The translation efficiencies of the RNA transcripts are shown in Fig. 2 . Mutations in the loop sequence of the alpha-branch (5END-L) had little effect on translation efficiency in RRL extract (99.27%, compared with 100% for the wild-type sequence, 5END-C) (Fig. 2, upper panel) . Interestingly, the translation efficiency was drastically reduced when the stem regions of the alpha-branch were exchanged (5END-S; 47.25%). When the alpha-branch was totally inverted, translation was virtually . Inhibitory effects of mutations on translation efficiency were much clearer when these mutants were translated in a HeLa S10 lysate (Fig. 2, middle  panel) . Northern blot analysis indicated that the added wildtype and mutant RNAs were equally stable during translation reactions in HeLa S10 lysate (Fig. 2, lower panel) . These results demonstrated that the primary sequence of the stem region within the alpha-branch is an important element of the HCV IRES. The reduced translation efficiency of the mutants may have resulted from a loss of the ability of the 5Ј NCR to bind to cellular factors that catalyze internal ribosome entry. We speculate that the stem region of the alpha-branch might be a cis-acting element that could participate in such interactions, although we could not eliminate the possibility that the introduced mutations could lead to substantial changes in the intact structure of the 5Ј NCR.
Binding of cell proteins to 5 NCRs containing alpha-branch mutations. In order to look for cellular factors required for translation initiation of HCV RNA, we first incubated HeLa S10 lysate with excess amounts of the RNA transcripts of pUC5END-nc, -Snc, -Lnc, and -SLnc that contained wild-type or mutant, full-length 5Ј NCR fragments (nt 1 to 347) but did not contain a reporter gene (Fig. 3A) and subsequently added the wild-type HCV RNA for translation. Surprisingly, all four RNAs inhibited translation of the reporter RNA, although inhibition by pUC5END-nc and -Lnc was slightly stronger than that by pUC5END-Snc and -SLnc (Fig. 3B) . Inhibition was not observed when unrelated RNA was preincubated with HeLa proteins (Fig. 3C, lanes 6 to 8) . These results suggested that the HCV 5Ј NCR maintained an affinity with several cellular factors, which probably are involved in initiation of translation of HCV regardless of the presence of mutations. Translation efficiency, however, dramatically decreased when the stem sequence of the alpha-branch was changed (Fig. 2) , suggesting the presence of another critical factor(s) that specifically inter- 347 ) containing alpha-branch mutations. Lanes: 1, no template RNA; 2, no competitor RNA; 3 and 4, 5 and 6, 7 and 8, and 9 and 10, increasing amounts of competitor RNA transcribed from pUC5END-nc, -Snc, -Lnc, and -SLnc, respectively. Competitor RNAs were incubated with HeLa S10 lysate before the template RNA (0.5 g/12.5 l of reaction mixture) transcribed from pSL5END was translated. (C) Translation of HCV RNA in the presence of alpha-branch or unrelated RNA. Lanes: 1, no template RNA; 2, no competitor RNA; 3 to 5, alpha-branch RNA synthesized by custom services (Takara); 6 to 8, increasing amounts of unrelated RNA transcribed from HindIII-digested plasmid pMUG5-2, a cDNA clone of the 65 nt of the mumps virus leader region constructed as pMV3Ј3 (13) . acts with the HCV 5Ј NCR, including the primary sequence of the stem region of the alpha-branch.
Cellular initiation factors, such as eIF-2 and eIF-4, present in cap-dependent systems are known to be involved in the cap-independent system promoted by the IRES of picornavirus (9, 15, 24) . It is possible that these cellular factors are also involved in HCV IRES function, since the translation of the luciferase gene, which has no IRES structure on its 5Ј NCR, was inhibited by the addition of RNA transcripts from the HCV 5Ј NCR (data not shown). Therefore, the observed results of translation inhibition assays may have been due to the absorption of initiation factors by competitor RNA.
We were not able to obtain direct evidence that the stem region of the alpha-branch was specifically recognized by cellular factors. An inhibition of HCV translation was not observed when RNA transcripts of the alpha-branch were added as competitors (Fig. 3C, lanes 3 to 5) . This result indicated that the alpha-branch by itself may not be sufficient for binding of cellular factors. In a cap-dependent system, several initiation factors appear to bind in a specific sequence in order for translation to occur (17, 21) . The IRES of HCV may require sequential binding of factors, and the alpha-branch alone may not be sufficient for protein binding.
We next performed UV-induced cross-linking analyses to visualize proteins that bind to 32 P-labeled 5Ј NCRs. We used full-length 5Ј NCRs transcribed from pUC5END-nc, -Snc, -Lnc, and -SLnc (Fig. 3A) as RNA probes. In order to find cellular proteins that bound to the HCV 5Ј NCR during translation initiation, we first incubated RNA probes with HeLa proteins under the salt conditions that were optimal for HCV RNA translation experiments. Protein-RNA complexes were attached covalently with a UV cross-linker (Stratagene) on ice for 15 min followed by incubation with 10 g of RNase A. Labeled proteins were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and autoradiographed. As shown in Fig. 4A , several proteins from the HeLa S10 lysate cross-linked to all the RNA probes. These proteins may contain cellular factors involved in initiation of HCV RNA translation that bind to the 5Ј NCR regardless of the presence of alpha-branch mutations. Cross-linking of the 25-kDa protein to the pUC5END-nc and -Lnc probes was detected (Fig. 4A,  lanes 1 and 3) . We increased the KCl concentration (120 mM) in the binding reaction mixture to obtain maximum binding of the 25-kDa protein to pUC5END-nc. Because translation of HCV RNA in 120 mM KCl retained about 80% of the activity obtained under optimized translation conditions (data not shown), we believe that cross-linking of the 25-kDa protein was reflected in IRES function. Moreover, in order to eliminate any nonspecific RNA-binding proteins, we added abundant nonspecific competitor RNAs [160 g each of poly(I) and poly(I) ⅐ poly(C) per ml] to the reaction mix. We were able to identify the 25-kDa protein more clearly (Fig. 4B, lane 2) , whereas the intensities of other proteins were reduced. These results indicated that the 25-kDa protein bound specifically to the HCV 5Ј NCR. Competitive UV cross-linking assays showed that the binding of the 25-kDa protein to the HCV 5Ј NCR was greatly inhibited by pUC5END-nc and -Lnc (Fig. 4B,  lanes 3, 4, 7, and 8) . On the other hand, pUC5END-Snc and -SLnc had little inhibitory effect (Fig. 4B, lanes 5, 6, 9 , and 10). These results revealed that the 25-kDa protein specifically bound to pUC5END-nc and -Lnc, both of which had a wildtype sequence in the stem region of the alpha-branch. It seems quite possible that this 25-kDa protein plays a critical role in HCV RNA translation, because the 5Ј NCR RNA of pUC5END-nc and -Lnc had efficient IRES function in the translation experiment (Fig. 2) . We suggest that the 25-kDa protein is different from PTB, which is reported to interact with IRES elements and to participate in initiation of translation of picornaviruses (7, 22) , because the alpha-branch of the HCV 5Ј NCR does not contain a pyrimidine-rich sequence. At present, the role of PTB in HCV IRES function remains unclear. The purified PTB was not enough to restore HCV IRES function when it was added to PTB-immunodepleted translation reaction mixtures, suggesting the importance of other proteins that associate with PTB (1). Furthermore, Kaminski et al. (11) reported that, in the case of the picornavirus IRES, PTB functioned as a promoter of correct folding of the IRES rather than as a central catalyst of internal ribosome entry. They also showed that the recombinant PTB did not bind to the HCV 5Ј NCR and did not stimulate the function of the HCV IRES (11) . The molecular mass of the 52-to 57-kDa proteins cross-linked to the HCV 5Ј NCR corresponded to the size of PTB (Fig. 4) ; therefore, we are now examining whether these proteins include PTB.
A requirement of the HCV core coding sequence immediately downstream of an authentic AUG codon for IRES function was recently reported (8, 20) . Translation competition assays or UV cross-linking experiments should reveal the influence of the core coding region on binding affinity for cellular proteins. Further characterization of cellular proteins, such as the 25-kDa protein, may help in further understanding the HCV translation mechanism.
